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TECHWICAL NOTE H0. 1276 o

LOW~SPEED TESTS OF FIVE NACA 66-SZRIES AIRFOILS
HAVING MEAN LINES DESIGKED TO GIVE
HIGH CRITICAL MACH NUMBERS

By Albert E. von Doenhoff, Louls ST-stivers, Jr.,
and James M. O!1COMoOr .. —— -

SUMMARY

The possibility of developing an airfoll to carry
1ift without decressing the critical Mach number below
thet of the basic thickness form at zero 1lift has been
investigated, ILow-speed tests of five NACA 66~series
sirfoll sections having a thickness-chord ratio of 0.16
were made in the Langley two-dimensional low~turbulence
pressure tunnel, By designing the mean line to carry
load over the portions of the airfoil section having low
induced velocities an effective design 1ift coefficient
(the lift coefficient corresponding to the center of
the range of high critical Mach numbers as obtalned
from the experimental pressure distribution) of epproxi-
mately O,1 was obtained for seversal airfoll sectlons
without ceauesing the maximum predicted critical Mach
numbers to be appreciasbly less than the critical Mach
number for the basic thickness form at zero lift. The
maximum 1ift coefficients end the drag coefficients in
the lew~-drag range were approximately the same for these
airfolls as for the NACA 6£-series airfoll sections
having the same thickness and approximately the same
effective design 1ift coefficient with the uniform-load
mean line, The low-drag range at a ReymoldsTnumber

of 9 x lO6 decreased with incresase in-design lift coef-
ficient above a value of 0,2. The pitching-moment
ceefficients were larger than those of airfoils having
the same effective design 1ift coefflicients with the
uniform~leoad mean line bubt were not nearly so large sas
those corresponding to the deslgn load distribution.

Recommendations concerning the use of the airfoils
at high speeds cammot be made becausé of the lack of

test dats at high Mach numbers.
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2 NACA TN No. 1276
INTRODUCTION

A large amount of work has been done on the problem
of designing esirfoilg thet have high critical Mach
numbers. The NACA lz—serias girfoils, presented in
reference 1, have & tihlekness distribution that glves
unusually high cri%jcal Mach numbers for a given
thickness~chord ratio. This series of ailrfoll sections,
however, has high critical Hach numbers over only a
limited range of 1ift gcoefficlents. Many of the
NACA 6-series airfoils, data for which are presented
in reference 2, have eritical Mach numbers somewhat
lower then those for the corresponding airfoils of the
NACA l6-serles but have high critical Mach numbers over
& conslderably larger renge of 1lift coefficients. The
forward portion of the NACA 6~series sectfoms are
designed so that the pressure distribution forward of
the point of minimum pressure becomes essentially flat
at the extremlties of the range of 1ift cosfficients.
for low drag. For a given position of minimum pressure
on the basic thickness form, this design condition gives
an airfoll shape that has a minilmum incrsase In maximum-
velocity ratio throughout the range of 1ift coefficlents
for low drag, _ -

Because the mean line corresponding to a uniform
chordwise dlstribution of load at the design lift coef-
ficient (a = 1.0) has the highest possible critical
speed for a given 1lift coefficlent, this mean line has
been most frequently used es the mean line of
NACA lb-series and NACA 6-series sections. Although the
uniform-load mean line has the eptimum critical-speed
characteristics for the mean line itself, an alrfoil of
finite thickness having this mean line will not necessarlly
have the highest posgible critical speed for a given
thickness and design 1lift coefficient, The critical
speed of an airfolil section iIs determined by the maximum
veloclty ccgurring on the airfoill surface.- If the mean
line for a given thickness distributlion 1s designed so
as to cause the airfoil to carry lift-over the portions
of the chord where the velocity is less than the
maximum, the airfoll will then be able to carry some
1ift and not have a velocity ratlo greater .than the

-maeximum for the basic thickness Torm. In order for the
airfoll to carry the largest amount of 1ift without
dacreasing the critilcal Mach nunber below that for the

r-
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baslc thickness form at zeroc 1ift, the pressures over
the upner surface of the airfoil must be uaiform and
the pressure coefflcienf must equal that of Lhe basic
thlckness form.

For the portion of an NACA 6-series airfcil for-
ward of the nosition of minlmm nressure, the load
distrlbution associated with angle of attack is optimun
at the 1ift coefficient corresponding to the upper
extremlty of the low-drag range vecsuse at this 1if%
coefficient the »nressure distribution over the upper
surface becomes uniform from the leading edie back to
the original nosition of minimum pressure., In order not
to dis turb the pressure distribution over the forward
portion of the airfoil, the optimwi mean line for high
cirritical Hach numbers should be designed to give zero
load from the leading edze to the noint of minimum
pressure on the bagic ta*ckness forum and to gilve a load
distribution corresponding to uniform preasure over the
uppér surface from this point to ths tr311in3 edge.

Such a load d*Stribution ordinerily corresponds to a S
large finite load at ths trailing edge, Previous B
exnerience with airfoils having mean lines designed to

give finite loads at the trail;ng s@ge indicates that

the load distribubtion over most of the chord is suv-

stantially as Specll’ed but that the finite load at the

tra:UinrT edze 1s not realized in practlce,

The nurposes of the present investigetion are (1) %o
determine experlrentally the extent to Wnich the methods
just described are effective in Increasing the desizn
1ift coefficisent of an airfoil without: decreaswng tqe
critical Mach numbser appreciavly below that of tre baslc
thickness form and (2) to determine the effects of the
corresponding unusual type of load distribution on
characteristics of the airfoll sectlon other than the
eritical HMach mumber, such as wnitching moment, maximum
1ift, and drag. The present Investigation includes low=
speed tests in the Langley two-dimensional low-turbulencs
pressure tunnel of five alrfoil sections having the
NACA 66(215)-016 basic thickness form, Three of these
sections have mean lines designed to carry various
amounts of load bacit of thls Hositlon of minimum nressure
of the basic thiclmess form (0.6 chord) at the desizn
1ift cosfficient, The other two ailrioils have mean
lines designed to carry a part of the total load
uniformly over the sntire chord, The tests consisted
of measurements of 1ift, drag, and pltching moment at
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Reynolds numbers of 3 X 106, 6 x 106, and 9 X 106
and at Mach numbers less than 0.17. Low-epeed pressure
distributions for each of the airfoils were determined

at 8 Reynolds number of 6 X 106 through a range of
angles of attack corresponding to a range of 1ift coef-—
ficlents from large negative values to values beyond
the positive stall.

Definite recommendations concerning the use of the
airfoils at high speeds cannot be made hecause of the
lack of test data at high Mach numbers. Additlional data
are also needed on the application of lateral-control
and high--11ft devices because of the unusual shape of
the airfolils near the tralling edge.

SYMBOLS

a mean--line designation, frection of chord
from leading edge over whichi design load
is uniform

c chord
cq section drag coefflcient
Cdmin minimum section drag coefficlent
Cy sectlon 1ift coefficient -
Ymax maximum section 1ift coefficient
czi design section 1ift coefficlient
Crg o moment coefficient about aerodynamic center
cmc/4 moment coefficient about quarter—chord point
Hg free—streanm totallpressure
M critical Mach number

cr
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js) local static pressure
Qo free—stream dynamic pressure
R Reynolds number
S pressure coefficient Ho =2
Qo
b.S distance along chord line measured from lesding
edge ;
v distance perpendicular to chord line measured
from chord line '
Oo section angle of attack

DESIGN OF THE ATRFOIL SECTIONS

The basic thickness form for all the airfoils tested
in this investigation was the NACA 66(215)-016 airfoil
section, which has minimum pressure at 0.6¢ from the
1eading edge and a thickness—chord ratio of 0.16, As
previously discussed, mean lines were desired that have
zero load from x%x/c = 0 to x/c = 0.6 and linearly
increasing load from this point to the trailing edge,
Because the relations obtained from the theory of thin
wing sections are linear, the theoretical mean lines
and load distributions can be obtalned simply by :
addition of the ordinates and the corresponding velocitj
increments of component mean lines, '

The desired type of load distribution 1s obtained
by & combination of a uniform—load mean line (a = 1.0)
with a mean line having uniform load from the leading
edge to 0.6c and linearly decreasing load from 0.6c to
the trailing edge (a = 0.6). In order for the load
to be zero over the forward portion of the airfoil, the
design 1ift coefficient for the mean line of the tvpe
a =0.5 must be 0.8 times the design 1lift coefficient
for the mean line of the type a = 1.0; in order for an
airfoil to have a design 1ift coefficlenL of 0.2, the
sum of the design 1ift coefficients of the component
mean lines must equal this value. These conditions
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are satisfied by a mean line having the following
components: (1) a mean line of the type a =.0. with
& design 1ift coefficient of -0.8 and %2) a mean line
of the type a = 1.0 with a degign 1ift coefficient

cf 1.0, 'The designation of the airfoil having the
chosen basic thickness form and the aforementioned mean
line is as follows: - -

= 0.6, GZ' = _'0-8
NACA 66(215)-216 1 i i

&
&

1.0, o3y = 1.0 J

Further details of the numbering system for this type
of designation sre discussed in reference 2, -In order
to determine the effects of variation in camber, two

additional airfoll sections having theoretical design
1ift coefficients of 0.3 and 0.4 werec derived. These

girfoll sections are:
—~

r& = 0.6, cy, = -1.2 L

NACA 66(215)—316 ol _

1 a=1.0, ¢33 = 1.5 J
a = 0.6, Cly = -1.6 |

NACA 66(215)-416 J S

& =1.0, o1, = 2.0 J

For the three airfoils the theoretical pressure
distributions at the design 1ift coefficient, presented
in figure 1, indicate that even the airfoll designed for
& 1ift coefficlent of 0.2 has theoretically & slightly
higher maximum value of the pressure coefficient S,
and hence a lower value of the critical Mach number, than
that for the basic thickness form. The experimental
pressure distributions, however, were not expscted to
show this decrease in critical Mach number becauss of
failure to realize fully the theoretical load dis-—
tribution. :

Two morg airfoils were investigated for the purpose
of determining the extent to which the critical Mach
number characteristics of airfoils cambered with a
uniform—load mean line could be improved by increasing
the portion of the load carried by the rearward part of
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the airfoil while holding uniform the loasd carried by
the forward part. The two airfoils are;

N

la =0 5 2y, = =0.5
NACA 66(215)~216 9 Lo Y17 L
Ea - - 3 Czi - 0.7)
(2 =08, o, = -0.3]
NACA 66(215)~216 < Tl L
la = 1.0, o = o.5j

The contours eand corresponding theoretical load
distributions for the five airfoil sections considered
in this investigation are given in figure 2. Ordinates
are given in tables I to V. : :

MCDELS AND TESTS

rd

Models of the five airfoil sections were built of
mehogany laminsted in the chordwise direction. Each

model hed a chord of 2 inches and & span of 55% inches.

The models were prepared for standard tests in the
Langley two-dimensional low-turbulence pressure tunnel
(TDT) in the manner described in reference 2.

Lift data were obtained from measurements of the
pressure reactions on the floor and ceiling of the
tunnel, drag data were obtained from messureménts by
the wake-survey method, and pitching-moment data were
measured with & torque balance, Detalls of the methods
of obtaining the data sre glven in the appendix of
refersnce 2.

Lift, drag, and pitching—moment data were obtained

at Reyholds mumbers of 3 x 109, 6 x 109, anda 9 x 106
for models in a smooth conditlon. Pressure-distribution

data for each model were obtained at a number of angles
of attack corresponding to & range of lift coefficients
from large negative velues to values beyond maximum 1ift;
these data were cbtalned for the smooth models at a

Reynolds number of 6 X 106. With a standard roughness
aoplied to the leading edges of the models, 1ift and
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drag data were obtained at a Reynolds number of 6 X 106
This roughness conslsted of approximately 0.011l- inch
grains of carborundum applied to the alrfoll surface
over a surface length of 0,08c measured from the leading
edge on both upper and lower surfaces, The grains were
Eh*nly spread to cover 5 to 10 percent of this area.

" RESULTS

The experimental pressure distributlions are
prosented in figures 3 to 7., Lift, drag, and pitching-
moment data for the flve alrfoil sections are preaented
in Pigures 8 to 12, The force data have been corrected
for the constricting effects.of the tuanel walls by
equations (37) to (40) in the appendix of reference 2,
For the present airfoills these equations arse reduced to
the following simnlified forms, where the primed values
revresent the values measured In the tunnel:

¢y = 0.97hcy!

Gy = 1.015a,!

{t

o)
}

= 0,989 ot
my g, T 0?9 %mg ),

Od = 0.989Gd'

Corresponding corrections have been applied to the
pressure~distribution datas . '

DISCUSSION

Becauge only low-speed data were obtained, conm~
parisons of the various airfoil sections are made on
the basls ol predlcted critical Mach numbers, In
genersl, critical Mach numbers (the criticel Mach number
ls defined as that free-stream Mach number at which the
local velocity of sound 1s first attained) predicted
from loww-speed experimental pressure distributions are
in good agreement with high-sneed-test results, Thils
critical Mach number 1s somewhat lower than and is to
be dlstingulshed from the Mach nuwber corresponding to
the force bresalks,

1l
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The critical Mach numbers presented in figure lg
were obtalned from the theoretical and experlmental owW-
speed pressure-distribution data by the von Kfrmédn

method by use, of the curve presented on page 383 of
supplement IV, reference 2. The curves of the critical
Mach numbers corresponding to the theoretical and
experimental low-speed pressure distributions of the
present airfoll sections are cdmpared with similar data
for 'airfoll sectlons having the same basic thickness

form and the same effective deslgn 1ift coefficient (the
1ift coefficient corresponding to the center of the

range of high ocriticel Mach numbers as obtained from the
experimental pressure distribution), but having a uniform-
load mean line (a = 1.0). Although the theoretical and
effective design 1lift coefficients may be seen to differ
considerably for the newer airfoils, the dsta of refer~
ence 2 show that the effective and theoretical design

1ift coefficients are substantially equal for the air-
foil sections cambered with the uniform-load mean line

for moderate design 1lift coefficients. Numerous pressure-
distribution measurenents heve also shown that the theo-
retical and experimental low-speed pressure distributions
for the latter alrfoils are in good agreement at low and
moderate 1lift coefficients.

The data of figures 13{a) to {c) show that, for the
airfoils having zero load from the leading edge to the
position of minimum pressure, the effective design 1ift
coefficlents are less than the theoretlcal coefficients
and this discrepancy increases with increase 1n camber.
For these airfolls the meximum critical Mach numbers
obtained from the experimenteal pressure distributions
are equal to or greater than the maximum critical Mach
numbers obtalned from the theoretical pressure dis-
tributions. The eritical Mach numbers obtained from
the experimental pressure distributlons increase with
lncreasing 1ift coefficient in most of the range of
high critical Mach numbers and are a maximum between
1ift coefficients of 0.2 end 0.3. These maximum
critical Mach numbsers are approximately 0.025 greater
at these 1lift coefficlents than the critical Mach
numbers for the airfolls having the uniform-load mean
line. The results presented in figures 13%3(a) to (c)
indicate that the airfoils have sn effective design 1ift
coefficient of approximetely 0,1 and have maximum
criticel Mach numbers at normal 1ift coefficients for _
high speed theat approach the maximum critical Mach
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number for the basic thickness form at zero 1ift. Thse
difference bstween .the critical Mach number of ths basic
thickness form and of the cambéred airfoil sections

incrsases with inoreasing camber,

For the two airfoil sections carrying & portion of
the load from the leading edge to the position of minimum
pressure (figs. 13(d) and (e}), the predicted critical
Mach numbers obtained from the experimental and theo-
retical low~-speed pressure distributions are much closer
in agreement than for the other three airfoills. These
two airfoll sections show small gains in criticeal Mach
numbers as compared with the airfoil sections having the
uniform-load mean line,

A comparison of the theoretical pressure dils-
tributions at the design 1ift coefficient with the
experimental pressure distributions having a load dis-
tribution over the forward portion most nearly like the
design load distribution is given in figure 1F
Figures 1i(a) to (c¢), which present data for the three
airfoils with zero load from x/¢c = 0 to x/c = 0.6, show
successlively greater discrepancies between the experi-
mental and the theoretical pressure dlstributions with
Increase in design 1lift coefficlent. At the design
1ift coefficient, theoretically, no load should be
observed over the forward portion of these sgirfoll
sections. Thils condltion is not fulfilled because of
the failure to realize the design load over the rearward
portion of the airfoil. 1In figures 1ll(a) and (b) the
values of maximum pressure coefficient for the experi-
mental pressure distributions are in good agreement with
the theoretical values. The data presented in
figures_l&(d) eand (e) indicate that the agreement betwsen
the experimental and theoreticzal pressure distrlbutions
becomes progressively better as the load on the rearward
portion of the alirfoils is decressed.

- The low-speed serodynamic data for the airfolls con-
sidered in this investigation are given in figures 8 to 12
and are summarized in table VI. A comparison of these
data with those for the NACA 66-series alrfoil sectlons
(reference 2) having the same thickness and approximately
the same effective design 1ift coefficient with the
uniform-load meen line indicates no large difference in
the maximum 1ift coefficients or in the drag coefficlents

in the low~drag range. At a Reynolds ‘number of 9 X lO6
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the newer alrfoils having.theoretical design 1lift coef-
ficients greater than 0.2 show a progressive decrease

of the low-drag range with increase 1n camber and show

a somewhéat larger initiel increase in drag coefficients
at the upper end of the range of low drag coefficlents
than the corresponding NACA 66-ssries airfoils with the
uniform-load mean line. The test data for the newer
ajirfolls show a jJog in the .1ift curves at the upper end
of the- Yow-drag range. The magnltude of the jog
decreases ag the Reynolds number. is increassd from

3 x.lO6 to 9 x 10°. TFor the airfoils with a theoretical
design 1ift coefficient of 0.2 the jog in the 1ift curve

at a Reynolds number of 9 X lO6 is very small and has
approximately the same magnitude as the jogs found for the
NACA 66~-series, airfolls (reference 2) having approxl-
mately the same effective design 1ift coefficient and the
uniform-load mean line. The jog, however, for the newsr
airfcils with a theoretical design 1ift coefficlent 6
of 0.3 and 0.l 1s greater at a Reyriolds number of 9 x 10
than the jogs for the corresponding NACA 66-series air-
foils (reference 2) with the uniform-load mean line or
for the other airfoils of the present vsper. The magni-
tude of the jog appears to increass wifh increass in -
theoretical design 1ift coeffilclent. ' :

The pitching-moment coefficients of the newer alr-
foil sections are lerger than those for the NACA 66-series
airfolls (reference 2) having the same effective deslgn
1ift coefficient with the uniform-load mean line but
sre not nearly so lerge as the pltching-moment coef-
ficients corresponding to the theoretical load dis-
tribution. S - :

CONCLUSIONS

, . Although recommendations concerning the use of the
airfoils at high speeds carnot be made because of the -
lack of test date at high Mach rumbers, low-speed tests
of five HNACA 66«series airfoil sSections having mean

lines designed to give high critical Mach numbers indi-
cated the following conclusions;

1. An effective design 1ift coefficlent (the 1ift
coefficient corresvonding to the center of the range of
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high critical Mach numbers as obtained from the experi-
mental pressure distribution) of spproximately 0.l was
obtained for several alrfoil sections without ceusing
the meximum predleted criticeal Mach numbers to be
appreelably less than the critical Mach number for the
basic thicknsss form at zero 1ift.

|
2, -The maximum 1ift coefficlents and the drag
coefficients in the low-drag range were approximately
the same for these airfolls as for the NACA 66-series
airfoll sections having the same thickness and approxie-
mately the same effective design 1lift coefficient with
the uniform-load mean line.

Z. The low~-drag range at a Reynolds number of

9 x 106 decreased with increase in deslgn 1ift coef=-
ficient above & value of 0.2.

li. The pitching-moment coefficients were larger
then those of airfolls having the same effective design
1ift coefficients with the uniform-~load mean line but
were not nearly so large as these corresponding to the
theoretical load distrilbution,

Langley Memorlal Aeronasutlcal Laboratory
Natlonal Advisory Committee for Aeronautics
Lengley Field, Va., November 19, 1945
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TABLE I

ORDINATES OF THE

a =06, %= -0.8}
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TABIE II
ORDINATES OF THE
= 0.6, °1y = .L.2
= 1,0, °1.i = 1.5}
AIRPOIL 8EGTIOK

{Stations and ordinatesa given in
percent of airfoll chord}
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TABLE V
ORDINATES OF THE
a = 0.6, %1, = ~0.3
HACA 66(215)-216 { ro
a =10, %, = 0.5
ATRFOIL SEGTION

{8tations and ordinates given in
percent of airfoll ohord)}
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TABLE VI

SUMMARY OF AERODYNAMIC DATA
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66 (215 )~21 ) 0.00%L 1.1y 0. ~0.050
a = 1.0, C1; T 1.0 ’ ! 7 ’
ja = 0.6, c-l’ = —1.21
66 (215)-316 i 0.0031 1.51 0.96 -0.075
la = 1.0, op, = 1.5J
' 8 = 0.6, 03y = -1.6 :
66(215)-h16 o o 0.0027 1.55 1.01 -0.100
Lu- T Lely czi - L-UJ
a = 0.6, ¢y, = ~0.5
66(215)-216 < ? Tly
0-00 1. A . -
&= 1.0, o, = 0.7 35 55 1.05 0.052
a= 0.6, ¢, = =0.3
66 (215)-~216 g2
a=1.0, ¢y = 0.5 0.003k L.h3 1.00 ~0.050
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